We report the measured sensitivities of a superconducting NbN hot electron bolometer ͑HEB͒ heterodyne receiver at 5.25 THz. Terahertz ͑THz͒ radiation is quasioptically coupled to a HEB mixer with a lens and a spiral antenna. Using a measurement setup with black body calibration sources and a beam splitter in vacuo, and an antireflection coated Si lens, we obtained a double sideband ͑DSB͒ receiver noise temperature ͑T rec DSB ͒ of 1150 K, which is nine times h / 2k, where h is the Planck constant, the frequency, and k the Boltzmann constant. In addition, the measured far field beam patterns of the integrated lens antenna show nearly collimated beams from 2.5 to 5.3 THz that allow reliable measurement of T rec DSB using the vacuum setup. Our experimental results in combination with an antenna-to-bolometer coupling simulation suggest that the HEB mixer can work well at least up to 6 THz, making it suitable for next generation of high-resolution spectroscopic space telescopes and, in particular, for the detection of the neutral atomic oxygen line at 4.7 THz.
Noise temperature and beam pattern of an NbN hot electron bolometer mixer at 5.25 THz
I. INTRODUCTION
Superconducting hot electron bolometer ͑HEB͒ mixers are so far the most sensitive heterodyne detectors at frequencies above 1.5 THz. The HEB mixers based on NbN or Nb-TiN superconducting films have been successfully used to detect spectral lines up to 2 THz from ground based 1-3 and space telescopes. 4 The performance parameters, such as the low double sideband ͑DSB͒ receiver noise temperature ͑T rec DSB ͒ of 1300 K at 4.3 THz, 5 an intermediate frequency ͑IF͒ gain bandwidth of 3 GHz and noise bandwidth of ϳ5 GHz, 6 low local oscillator ͑LO͒ power of 25-500 nW, 7 a spectroscopic Allan variance stability time of 3.5 s ͑Ref. 8͒ for a standard quasioptical NbN HEB mixer and a spectroscopic Allan variance stability time of 200 s for a balanced waveguide HEB mixer, 1 have been reported by different research groups. The HEB mixers become the detector of choice in the upper terahertz ͑THz͒ frequency range ͑3-6 THz͒ for high-resolution spectroscopic observations for astronomy. 9 One example is the fine-structure line of neutral atomic oxygen OI ͑ 3 P 1 -3 P 2 ͒ at 4.7448 THz, which is a major coolant of dense interstellar medium and is a vital tool for probing the physical conditions of massive young stars. 10 The OI line has been recorded by a Schottky heterodyne receiver flying on the Kuiper Airborne Observatory. 11 However, the sensitivity of the receiver used was very poor and was 75 000 K at 4.7 THz. The sensitivity of a receiver, i.e., T rec DSB , is a crucial parameter that defines the minimal detectable line intensity and also the observation time.
Quasioptical radiation coupling scheme using a twin slot antenna in combination with a dielectric lens has been successfully applied to heterodyne mixers 4, 12 up to 1.9 THz in the Herschel space observatory. We choose a spiral antenna in combination with a silicon lens in this work because it is broad band and can work at the high end of THz frequencies.
The far field beam pattern of a quasioptical HEB mixer, governed by a lens/antenna combination and radiation frequency, is also an important performance parameter for a practical receiver. However, the beam pattern of a spiral antenna at 5 THz is not known, which motivates us to measure the beam. We notice that the beam patterns are crucial for correctly measuring T rec DSB in our vacuum setup where hot/cold loads with a limited surface area are used.
The aim of this paper is to demonstrate experimentally the ultimate sensitivity of an NbN HEB mixer at the high end of the THz frequency range. Here, we use a similar HEB mixer and measurement setup as reported earlier for a measurement at 4.3 THz. 5 However, we extend the LO frequency to 5.25 THz. We report an extremely low T rec DSB at 5.25 THz. In addition, the coupling efficiency between spiral antenna and bolometer is simulated. The far field beam patterns of the mixer were measured at several frequencies up to 5.25 THz.
II. HEB DEVICE AND MEASUREMENT SETUP
The HEB mixer used consists of a 2 m wide, 0.2 m long, and 5.5 nm thick NbN bridge on a highly resistive Si substrate. The NbN thin film was produced by a group at Moscow State Pedagogical University, Russia. The details of the NbN film can be found in Ref. 13 . The bridge is con-nected to the antenna by Nb ͑10 nm͒/Au ͑50 nm͒ superconducting bilayer contact pads. 14 Prior to deposition of the contact pads, Ar radio frequency ͑rf͒ sputter etching is applied to clean the surface of the NbN, eliminating contact resistance between NbN and contact pads. Such contact structures allow rf and dc power to be dissipated only in the NbN bridge, thus there is no rf loss and no additional noise contribution due to the contact interface. The antenna is an on-chip selfcomplementary spiral antenna that is made of a 170 nm thick Au layer. It has a tight winding design with an inner diameter of 6.6 m close to the NbN bridge ͓Fig. 1͑a͔͒. The HEB has a low-temperature normal-state resistance ͑R N ͒ of 83 ⍀, a critical temperature of 9.3 K, and a critical current of 210 A at 4.2 K.
We apply a similar vacuum measurement setup as described in Ref. 5 except for a different metal-mesh heat filter. 15 Furthermore, we do not use the band pass filter. The HEB chip is glued to the backside of Si elliptical lenses 16 without and with an antireflection coating, mounted in a mixer unit that is placed in a 4.2 K liquid helium cryostat. As calibration sources, a blackbody at 295 K is used as the hot load and another one at 77 K as the cold load. The two loads can be selected by rotating a mirror. The radiation from the hot/cold load is combined with that from the LO by a 3 m Mylar beam splitter. Before reaching the HEB, the radiation passes through the heat filter at 4.2 K that blocks infrared radiation. There is no window on the cryostat and all these components are in the same vacuum unit. 17 Therefore, the radiation does not suffer from absorption due to water in the air and due to the window.
The LO is an optically pumped far infrared ͑FIR͒ ring gas laser, operated at a frequency of 5.2456 THz using CH 3 OD gas, which is pumped by the 9R08 CO2 line. We choose this frequency because it provides enough power in the frequency range of interest. The LO power coupled to the mixer is regulated by rotating a wire grid in front of the gas laser.
The IF signal, resulting from the mixing of the LO and the hot/cold load signal, first passes through a bias-T, a circulator, and then a cryogenic low noise amplifier ͑Berkshire 1.3-1.7 GHz͒ operated at 4.2 K, followed by roomtemperature amplifiers. This signal is filtered at 1.5 GHz within a band of 80 MHz. Between each two components in the IF chain, an attenuator is added to avoid standing waves. The entire IF chain has a gain of about 80 dB and a noise temperature of 7 K.
III. SIMULATION OF THE ANTENNA IMPEDANCE AND THE COUPLING
To predict the impedance of the antenna and further calculate the coupling efficiency of the radiation power from the antenna to the HEB at the upper THz frequencies, we model the antenna using a three-dimensional electromagnetic field simulator high frequency structure simulator ͑HFSS͒ ͑Ref. 18͒ based on finite element method. We assume that an rf signal is excited at the slit between two contact pads of the HEB, which is called a lumped port. The Si substrate with a refractive index n Si = 3.42 is set to be 20 m thick, which is larger than 1/4 wavelength ͑͒ of the radiation in free space, required by HFSS. The electric conductivity of the 100 nm thick Au antenna layer is set to be 4.1ϫ 10 7 S / m. All the surfaces are taken as radiation boundaries to simulate the half-infinite space. To perform the simulation, the whole structure is first divided into many small elements, which are smaller than 0.05. For the regions where the electromagnetic field varies significantly it will be further automatically divided into even smaller elements to achieve accurate field and current distribution. The S parameters and Z parameters are then extracted from the electromagnetic field distribution. The input impedance ͑Z antenna = R antenna + iX antenna ͒ of the spiral antenna is Z 11 of obtained Z matrix. Figure 1͑c͒ shows the simulated Z antenna of the spiral antenna as a function of frequency between 1 and 6 THz. At lower frequencies the impedance is real and has a value close to 75 ⍀ as expected for an equiangular spiral antenna. 19 However, with increasing the frequency the reactive part appears and increases to −50 ⍀ at around 5 THz. The reactance can be explained by a parasitic effect that is due to the presence of a transition structure, namely the contact-pad structure between the HEB and the two arms of the spiral ͓see Fig. 1͑b͔͒ , resulting in the electric and magnetic crowding effects. 20 The coupling efficiency can be calculated from S parameters = 1 − S 11
. ͑1͒
The calculated is also given in Fig. 1͑c͒ . We find that is nearly 100% at the frequencies below 3 THz, while above this value it decreases gradually with increasing frequency. Even at the highest frequency of 6 THz, it is still more than 80%, suggesting that our particular spiral antenna with the tight winding design can work well up to at least 6 THz and even beyond this frequency. 
IV. CHARACTERIZING AN ANTIREFLECTION COATING
It is known that when a Si lens is used to couple THz radiation from free space to an antenna, a considerable amount of optical loss is due to reflection because of the high refractive index of Si ͑n Si ͒. This loss can be minimized by coating an antireflection layer with a thickness of a quarter wavelength ͑ / 4n AR ͒ and with a refractive index n AR = n Si 0.5 = 1.85. Parylene C is a known coating material 21 since it has a refractive index ͑n PC ͒ of 1.65, which is close to the optimum value.
To measure the ultimate T rec DSB at 5.25 THz, we apply an existing Si lens coated with Parylene C. The coating layer has a thickness of 10.9 m and was originally designed for 4.3 THz. 5 To find its transmission at 5.25 THz, we prepared a double-side polished Si wafer coated with a Parylene C layer of the same thickness ͑10.9 m͒ on both sides and measured the power transmission as a function of frequency with a Fourier transform spectrometer. The measured result is shown in Fig. 2 . The measured data are fitted by a theoretical model based on multiple reflection and transmission for plane-parallel dielectrics 22 to find the thickness d PC , refractive index n PC and absorption coefficient ␣ PC of Parylene C. Based on the obtained parameters ͑d PC = 10.93 m, n PC = 1.634, and ␣ PC = 7.17/ cm͒, the transmission for a vacuum/ Parylene C/Si interface as a function of frequency is calculated and also depicted in Fig. 2 . At 5.25 THz the transmission reaches 92%, which is 22% higher compared to that of a vacuum/Si interface. Based on this result, we expect this amount of reduction in the reflection loss at 5.25 THz when we apply this antireflection coated lens. As a result, we should expect roughly a reduction in the receiver noise temperature by 22%. We also find that at the designed frequency ͑4.3 THz͒, the transmission reaches its maximum of 97%.
V. EXPERIMENTAL RESULTS

A. R-T curve and pumped I-V curves of the HEB mixer
The resistance of a similar HEB from the same fabrication run has been measured as a function of temperature. The result is shown in the inset of Fig. 3 . It is featured by three superconducting transitions. The lowest transition T c1 of 6 K is associated with the Au/Nb/NbN contact structures; the middle transition T c2 of 8 K is associated with the NbN under Au ͑thick͒ antenna layer; and the highest transition T c3 of 9.3 K is due to the NbN bridge. The resistance above T c3 is about 83 ⍀ making a good impedance match possible with the spiral antenna. It is important to mention that in our case when the HEB is operated at the optimal biasing point, the contacts are in the superconducting state. More discussions of the superconducting transitions in such structures can be found elsewhere. 14 A typical set of I-V curves of the HEB with different LO power levels at 5.25 THz, recorded at 4 K, is shown in Fig.  3 . With increasing LO power level, the superconductivity of the NbN bridge becomes gradually suppressed, showing a transition from the superconducting state to the normal one. The measured curves can be explained by a nonuniform distribution model for a HEB. 23 The optimum operating region, where the lowest T rec DSB can be obtained, is indicated in the I-V plot. This region is centered at a bias voltage of 0.6 mV and a current of 34 A. The optimum LO power in the HEB is about 150 nW, obtained by the isothermal technique and making use of the I-V curves at the high bias voltage region. 24, 25 The LO power required for a HEB is known to be proportional to its area and its critical temperature ͑in our case T c3 ͒. 7
B. Receiver noise temperature at 5.25 THz
We start with a measurement in which the HEB is mounted on the uncoated Si lens and T rec DSB is characterized in a conventional way. We measured the output power of the receiver, P out,hot and P out,cold , responding to the hot and cold Fig. 4 . T rec DSB is obtained by the Y-factor method and using the equivalent temperatures for the blackbody at 295 and 77 K according to the Callen-Welton definition. 26 T rec DSB as a function of bias voltage is also plotted in Fig. 4 . The lowest T rec DSB ͑black dot line͒ is roughly 2000Ϯ 500 K. The uncertainties are mainly caused by the LO power fluctuations and drift. As to be shown in Sec. V C, the stability of the output power of our gas laser is on the order of 2%, which leads to about 4% instability in the Y-factor and about 25% fluctuations in the measured T rec DSB . It has been well established that a HEB with a wideband antenna and low LO power requirement can suffer from the direct detection effect due to broadband blackbody radiation. 27 In our case this effect becomes significant due to a combination of the lossless hot/cold blackbody radiation in vacuo and the wide rf bandwidth of the antenna. An additional demonstration of the direct detection effect in this particular experiment will be given in Sec. V C. As a result, a measured T rec DSB is usually higher than it should be. 27 This effect can be corrected out by adjusting LO power such that the dc current of the HEB is the same responding to the hot and cold loads. For comparison, the receiver output power data after adjusting LO power are also shown in Fig. 4 . For clarity a 2 dB positive offset in the vertical direction is introduced in the plot. The measured lowest T rec DSB becomes 1500Ϯ 300 K, which is on average 25% lower than what measured previously.
By applying a different characterization method 5 we can directly measure T rec DSB , without suffering from both the direct detection and the instability of the gas laser. At the bias voltage of 0.6 mV we measure the receiver output power as a function of bias current, which is the result of varying LO power. Two such data sets are recorded, P out,hot ͑I͒ responding to the hot load and P out,cold ͑I͒ to the cold load. The Y factor can be obtained by Y͑I͒ = P out,hot ͑I͒ / P out,cold ͑I͒ at the same current using the fitted polynomial curves to the P out,hot ͑I͒ and P out,cold ͑I͒ data points. The calculated T rec DSB as a function of bias current is plotted in Fig. 5 and shows a broad minimum at a bias current of around 34 A and the lowest value of 1550Ϯ 50 K. This is in good agreement with the value measured in the conventional way but after correcting the direct detection effect. As discussed in Ref. 5, a clear advantage of this method is that the T rec DSB can be determined precisely and is independent of LO power instability. This is because LO power is used as a variable. Any data point at any LO power is a useful contribution to the P out -I curve. In contrast to the standard manner, where the LO power is required to be fixed, here, it is used as a variable. Another advantage with this method is that the Y-factor and thus the T rec DSB are not influenced by the direct detection effect because P out,hot and P out,cold are taken at exactly the same bias point. We also measured the mixer conversion loss using a method by Ref. 28 and find it to be about 8.8 dB. Now we measure T rec DSB of the same HEB but mounted on the coated Si lens. Again, we measure at the optimum bias voltage of 0.6 mV. The data are added in Fig. 5 . For clarity, the receiver output power data as a function of current, responding to hot/cold loads, are offset positively by 2 dB. The lowest T rec DSB obtained is 1150Ϯ 40 K, which is about 26% lower than the value ͑1550 K͒ measured previously using the uncoated lens. This difference is consistent reasonably with what is expected from using the antireflection coating layer ͑22%͒, as described in Sec. IV of this paper. Table I summarizes the optical loss at 5.25 THz for both cases.
To make a comparison with the measured T rec DSB at 5.25 THz reported previously by other group, 29 we also performed a noise measurement in a standard measurement setup in air. In this case, we have the optical loss of 6.8 dB in total, contributed not only by the beam splitter, the metalmesh heat filter, and uncoated Si lens ͑as given in Table I͒ , but also by a window, two Zitex heat filters, and air. We measured a T rec DSB of 3800 K at 5.25 THz, which is about a factor of 2 better than the one reported in Ref. 29 , where the total optical loss is 5.6 dB. We attribute the improvement to the fact that we applied an NbN HEB mixer with cleaned and superconducting contact structures 30 and optimized design of the antenna structure. Although our measurement method avoids the influence of the direct detection, the latter plays a negligible role in this specific measurement because of the relatively high optical loss.
The T rec DSB of 1150 K represents the highest heterodyne sensitivity ever measured at 5.25 THz. Several factors are considered to be crucial for this result. First, our device has contacts between HEB and antenna which do not have contact resistance 30, 31 As a result, no radiation loss and no additional noise contribution due to the contacts are expected. Second, our spiral antenna design allows a high radiation coupling efficiency even up to 6 THz. Third, the use of the measurement setup in vacuo and the thin beam splitter reduces the optical loss to the minimum. Fourth, T rec DSB is not influenced by the direct detection effect because of the application of the characterization method as in Ref. 5 . As shown in Ref. 32 , fundamentally our HEB mixer has the same classical output noise level ͑35 K due to Johnson noise and thermal fluctuation noise͒ at any LO frequency between 1.5-5.3 THz and has a similar mixer conversion loss. The only factors that can affect T rec DSB at 5.25 THz are the radiation coupling efficiency between free space and the HEB and the quantum noise. It is interesting to notice that at this frequency the quantum noise plays a significant role and contributes roughly 50% to the receiver noise temperature. 32 Figure 6 shows the measured receiver output power, together with the dc current of the HEB, as a function of time over a period of 150 s, during which the hot and cold loads are manually switched after roughly every 5 s. The HEB in this case is mounted on the coated lens. The bias voltage is fixed at 0.8 mV and the LO power set at the optimal value. The periodic jumps of Յ0.3 dB in the receiver output power between the hot and cold load should reflect directly how large the Y-factor is. However, the actual value is affected by the direct detection effect. 27 This effect is demonstrated by the observed jumps in the current switching between hot and cold load, which is about 1.2 A in amplitude. We attribute this change in the current to the increase in the noise temperature by ϳ25% due to the direct detection effect as discussed previously. In principle, the direct detection effect can be minimized or eliminated by reducing the blackbody radiation power, for example, by adding a narrow band pass filter in front of the mixer. 5, 25 The absolute value of the bias current of the HEB when it is optimally pumped by LO varies less than 2% during the measurement period in Fig. 6 , which indicates that our gas laser is stable enough to measure the Y-factor under a fixed LO power in a conventional way. However, the variations can cause considerable fluctuations in T rec DSB , as shown in Fig.  4 and discussed in Sec. V B.
C. Direct detection
D. Beam patterns of the lens/antenna
The far field beam patterns of the same HEB mixer on the uncoated Si lens are measured at several frequencies from 2.5 to 5.25 THz using a computer controlled setup as described previously. 33 We apply the same gas laser as a signal source to measure the beams of the mixer. A FIR gas laser is known to have a narrow, collimated beam. The HEB cryostat is placed on a rotation/tilt table in the far field of the gas laser, which has a linearly polarized electrical field in the vertical direction. The center of the spiral antenna is located in the center of the rotation. The measured beam pattern of lens/antenna combination is therefore expected to be independent of beam pattern of the signal source. TABLE I. Summary of DSB receiver noise temperature data at 5.25 THz, measured at four different cases with the same HEB mixer: ͑1͒ the air setup: a 3 m Mylar beam splitter, a metal-mesh heat filter, two Zitex heat filters, a window, air, and an uncoated Si lens; ͑2͒ the vacuum setup: a 3 m Mylar beam splitter, a metal-mesh heat filter, two Zitex heat filters, and an uncoated Si lens; ͑3͒ the vacuum setup ͑no Zitex͒: the same as ͑2͒ but removing the two Zitex heat filters; and ͑4͒ the vacuum setup ͑coated lens͒: the same as ͑3͒ but replacing with a coated Si lens. All the relevant parameters are also listed: optical loss of the 3 m Mylar beam splitter at 300 K ͑L BS , calculated͒, the metal-mesh heat filter at 4 K ͑L filter , measured͒, the two Zitex heat filters at 4 K ͓L Zitex ͑dB͒, measured͔, the window at 300 K ͓L window ͑dB͒, measured͔, the coated and uncoated Si lens at 4 K ͓L lens ͑dB͒, reflection loss calculated; absorption loss is negligible based on our measurements on a Si wafer from the same material as used for our Si The HEB is heated to a temperature that is slightly below the superconducting transition temperature of the NbN bridge T c3 . It is voltage biased and the current changes due to the modulated incident power are measured as a function of the angle of rotation/tilt by a lock-in amplifier. The tilt movement is referred to as vertical scan and the rotation as horizontal scan. The dynamic range of the setup is about 20 dB. The antenna is positioned in such a way that the direction along the NbN bridge width is about 30°counterclockwise from the vertical direction of the setup. Figure 7 shows the beam patterns, measured in both horizontal and vertical directions of the integrated lens/ antenna at 2.5, 4.3, and 5.25 THz. The main lobes are similar in horizontal and vertical scans, which indicate that our beam patterns are almost rotationally symmetric. At the measured frequencies the beam pattern of the integrated lens antenna is diffraction limited, 34 and can be simulated according to the expression ͓2J 1 ͑͒ / ͔ 2 , where = ͓ tan͑͒d͔ / , is the angle, and J 1 is the Bessel function of the first kind, and d the effective diffracting aperture, which is varied to yield the best fit to the main lobe of the measured beam pattern. The full width at half maximum at 5.25 THz is 0.65°, which is similar to 0.6°at 4.3 THz, but smaller than 0.9°at 2.5 THz. Such small angles suggest that the main beams at these frequencies are nearly parallel or almost collimated. The main beam becomes narrower from 2.5 to 4.3 THz due to wavelength, while it is almost the same between 4.3 and 5.25 THz, indicating the effective aperture at 5.25 THz is smaller. The difference in the side lobes is likely due to the combination of antenna misalignment to the Si lens ͑within an accuracy of 5 m͒ and the measurement setup. Especially at 5.25 THz the beam profile in vertical scan has a large shoulder ͓see Fig. 7͑c͔͒ , the reason for which is still unclear. The first side lobes at 2.5 THz, 4.3 THz, and 5.25 THz occur at Ϫ13 dB, Ϫ11 dB, and Ϫ7 dB, respectively, increasing with increasing frequency. 34 The physical reasons for this are the internal reflection and surface roughness. 35, 36 The nearly collimated ͑main͒ beam at 5.25 THz is confirmed by a separated measurement. Taking the beam width ͑radius͒ at the mixer to be the radius of the Si lens ͑5 mm͒, 37 we should expect a beam with a diameter of 16 mm at the position of the cold load, which is 290 mm away from the HEB and is the longest distance in the optical path in our vacuum setup. By varying the effective diameter of hot/cold loads at the same distance ͑290 mm͒, which in this case are not in vacuo, we found that T rec DSB is independent of the size of the hot/cold loads if it is increased from 30 mm to, e.g., 100 mm. This experiment suggests that the beam diameter in this case should be smaller than 30 mm. We expect it to be around 16 mm. However, we did not perform a direct measurement. The nearly collimated beams are also the case for other frequencies down to at least 2.5 THz. Such beams are crucial for correctly measuring T rec DSB using the vacuum setup.
VI. SUMMARY
We have demonstrated a highly sensitive spiral antenna coupled NbN HEB mixer at 5.25 THz. We measured the lowest T rec DSB of 1150 K at 5.25 THz. Based on this and the newly measured T rec DSB at 4.3 THz ͑860 K͒, we expect a T rec DSB of 1000 K at 4.7 THz. It is worthwhile to note that this sensitivity at 4.7 THz is about 75 times better than a Schottky diode mixer at the same frequency. 11 We also present the far field beam pattern of the mixer at 5.25 THz, which shows a beam with small divergence and the side lobe of Ϫ7 dB. With further improvement of the beam pattern, such a mixer together with recently developed THz quantum cascade lasers ͑QCL͒ as LO should allow the construction of new receivers 38, 39 for detecting OI line at 4.7 THz for future airborne and space-borne telescopes. Much progress has been made on THz QCLs with regard to the operating frequency, temperature, output power, phase locking, [40] [41] [42] and heterodyne high-resolution spectroscopic measurement with a gas cell, 43 making them ready for applications.
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